To imorove Dattern fidelity Of electron beam lithography in the nanometer regime a new class of ultrathin resist (less than 20 nm) has been investigated. Such films can be exposed with very low enervy (less than I keV) electrons to virtually eliminate proximity effects or, at conventional enerc~ies, to allow easier proximity effect correction. Inthis pprw aeivsi ga ted tile lithographic performance of LB PYYIA films with thicknesses ranging from 0.85 nm (one monol-ler) to 7.7 nm (nine monolayer) exposed with different electron beam eneries. T.,o ty'pes o 1f def-ects, with sizes less than 20 nm, have be observed in the films after exposure and pattern transfer into chromium. Thle first type, observed only in films less than seven lavers tiKwas uniformly distributed over the sample; the second type was only observed around the ex:posed regions for films thicker than nine layers. Comparisons are made with Mlonte Ginlo simuIlation. study we investigated ultrathin (14 nm) PMMA films, prepared both by spin casting and Langmuir-Blodgett (L-B) techniques, as high resolution electron beam resists and reported that the pinhole density in 14 m L-B PMMA films was considerably lower than the density in spin-cast PMMA films of comparable thickness. 45-nm-wide lines were fabricated in 50-nm-thick chromium films using L-B PMMA films as resists. In this paper, we have investigated the lithographic performance of L-B PMMA films with thicknesses ranging from 0.85 nm (one monolayer) to 7.7 nm (9 monolayer) exposed with different electron beam energies. Two types of defects, with sizes less than 20 nm, have been observed in the films after exposure and pattern transfer into chromium. The first type, observed only in the samples with PMMA resist films thinner than 7 layers, was uniformly distributed over the sample and the number of the defects increased dramatically as the films thickness decreased. The second type was only observed around the exposed regions in the films thinner than 9 layers. For the second type, the number of the defects was found to depend on the beam energy and substrate type. Sources of the two types of defects will be discussed and the experimental results will be compared with a MonteCarlo simulation. It was also demonstrated that 20-nm-wide lines and 160-nm-wide spaces could be achieved in 50-nm-thick chromium films using 7 layer L-B PMMA films as req t s.
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INTRODUCTION
One limitation of electron beam lithography is the proximity effect I caused by the exposure of resist by electrons backscattered from the substrate. This effect constitutes a background on which the pattern is superimposed, which means that the energy dissipated by the electrons at any given point in the resist depends upon the "proximity" of adjacent exposures, thereby rduci;g the -=tem fidelity.
There have been many published correction methods for the proximity effect. Such methods include dose correction, 2 shape correction, 3 and the equalization of the background method (GHOST). 4 A lengthy and costly computation is required for the first two methods and the GHOST method requires additional field exposures, which results in lower image contrast. The idea of using high energy electrons (> 50 keV) to minimize the proximity effect was also proposed by several researchers. 5 . 6 However, this method does not totally eliminate the proximity effect. In addition, the substrate could be damaged by the high energy electrons.
Using low energy electrons (< 1 keV) for lithography seems to offer a good solution for the elimination of the proximity effect. By using low energy electrons, electron backscatter from the substrate can be minimized or eliminated, thereby reducing the proximity effect. The major limitation in the application of low energy electrons for lithogaphy is that thin resist films (< 100 nm) must be used in order to allow the electrons penetrate the resist. Conventional spin-cast resist films with thickness less than 100 nm usually suffer from the following problems; high pinhole density, inadequate etch resistance and inability to cover the surface topographies. Since there has been only a few studies of the performance of ultrathin resists 7 -9 , and a thorough study on the resist preparations, resist materials and the electron-resist interactions for ultrathin resists is necessary.
In a previous study, 8 we investigated the possibility of using 14 nm L-B PMMA and spin-cast PMMA films as high resolution electron beam resists. We found that the defect densities of the 14 nm spin-cast PMMA films are much higher (10 4 /cm 2 ) than that of the 14 nm L-B PMMA films (< 10/cm 2 ). The etch resistance of these two films is sufficient to protect a 50-nm-thick chromium layer and 45 nm-wide lines were fabricated in 50-nm-thick chromium films using the 14-nm-thick L-B PMMA films as resists. In this investigation
we have studied the lithographic performance of L-B PMMA films as a function of film thickness (0.85 nm to 7.7 rm) and exposure beam energy (2.5 keV to 40 keV) on two different substrates. Monte-Carlo simulations also have been performed and compared with the experimental results.
EXPERIMENTAL
A. Materials
Atactic-PMMA obtained from Pressure Chemical, with weight average molecular weight (Mw) of 188,100 and Mw/Mn < 1,08, where Mn is number average molecular weight, was used to prepare the ultrathin electron beam resist films. Spectroscopic grade chloroform, purchased from J. T. Backer, was used to prepare the PMMA solutions.
B. Substrates
Two different substrates have been used in this study. One consists of 50 nm evaporated chromium (Cr) over 100 nm thermally grown silicon oxide on silicon wafers and the other consists of 10 m evaporated Cr over 6 tm polyimide on silicon wafers. The polyimide (Du-Pont PI-2590D) was spun cast at 3,000 rpm and was baked at 170'C for 2 hours before Cr evaporation.
C. Langmuir-Blodgett films
The L-B film depositions were performed using a Joyce-Loebl Langmuir Trough IV equipped with a microbalance for measurement of the surface pressure by the Wilhelmy plate method. Filtered deionized water with a pH of 7 was used for the subphase. 
RESULTS
A. Experimental Figure 1 shows the results of exposure using a MEBES I operating at 10 keV with a 0.125 !tin spot and address size. Figures la-le show the patterns produced in 50-nm thick
Cr layers using 1, 3, 5, 7 and 9 layer L-Tl PMMA films as resists, respectively. The substrates of these samples were 50-nm-thick Cr films over 100 nm SiO 2 films on Si wafers. Lines-and-spaces patterns of 0. 125 lim have been achieved for all these samples.
Two distributions of porous defects are observed in the Cr films after exposure and etching. The first type is uniform over the sample area and the number of defects increases dramatically with decreasing resist thickness. The second type of defect distribution is close to the exposed regions (within 0.1 p.m) and is most easily seen in films thicker than those exhibiting uniform porosity. Figures 2a and 2b are patterns in 50-nm thick Cr films using 7 and 9 monolayer L-B PMMA resists. The patterns were exposed using an Hitachi S800 SEM operating at 2.5 kV accelerating voltage. It can be seen from Figure 2a that the Cr film is porous in the vicinity of the exposure using a 7 layer LB film. This is similar to the deterious effects in the MEBES exposure of the 7 monolayer sample (Figure ld) .
However, the density of these defects at the lower accelerating voltage is much higher than that in the sample exposed with MEBES at 10 keV. It can also be seen by comparing In Figure 5 shows the simulated effects of different beam energies and substrate on the backscattering yields. Figure 5a , in which the substrate consists of 50-nm-thick Cr over SiO 2 and the primary beam energy is 10 keV, the backscattering yield II is 12.5%. In Figure 5b , in which the same substrate as that of Figure 5a has been used, but with a r~i m~,~r-'-rr energy of 1 5 keV, the. hackscattering yield I increased to 28.4%, but with a much denser distribution close to the center of the beam. We notice in this case that almost all the backscattered electrons originate from the 50-nm-thick Cr layer. This high backscattering yieid can be reduced by either using a higher energy beam or using a substrate consisting of a lower atomic number material. In Figure 5c , in which the substrate is the same as that used in Figure 5a and 5b but with a higher primary beam energy (40 keV), the backscattering yield I was reduced to only 1.2%. In the last case Figure 5d , in which the substrate consists of a 10-nm-thick Cr layer over polyimide and with a 10 keV primary beam, the backscattering yield II is only 0.8%.
A summary of the experimental results, including the simulation calculation, are listed in Table I . The second kind of defect, which only appears in proximity to the exposed region,is probably related to the electron-resist interactions. From Table I we know these defects occur in films thinner than 9 layers for exposure with both the 2.5 keV and 10 keV beam energies. For a proximity effect related to backscattering this is surprising. The backscattered electrons will return to the surface with an average energy about one half of the primary beam energy, 2 1 and these backscattered electrons should travel through both the 7 and 9 layer PMMA films. The thickness difference between 7 layer and 9 layer PMMA films is only about 1.7 nm. It would seem unlikely that the detenous effect we have seen is directly related to the backscattered electrons. From Table I we also notice that this type of defect does not appear in the 10 keV MEBES exposed 7 layer PMMA films when the 50 nm Cr/ 100 nm SiO 2 substrate was replaced by the 10 nm Cr/ 6-Im-thick polyimide layer or in the 40 keV HREBLS exposed 7 layer PMMA films using 50 1m Cr/ 100 nm SiO 2 / Si substrate. From the Monte-Carlo simulation, we know that either replacing the substrate with thin Cr and thick polyimide layers for 10 keV exposure or using 50 nri Cr!, 100 iwm SiO',/ Si _-ubstarte for 40 keV exposure reduce the backscatrering yield from 16.8 % to 0.8% or 1.2%, respectively. Therefore, reducing the back.scucred electrons can minimize those defects around the exposed region, even though the backscattered electrons are not directly related to this deterious effect. Furthermore, these defects are distributed more closely to the patterns in the 2.5 keV exposed sample than in the 10 keV exposed sample. Based on these results, a possible explanation is proposed for the formation of these defects.
These defects are possibly caused by the exposure of secondary electrons, which are generated by the backscattered electrons at the Cr surface as shown in figure 6a.
Generation of secondary electrons have also been reported by Allen et al. 22 for a different system. They reported a Monte Carlo calculation of low-energy electron emission from sufaces and predicted that the secondary electrons (< 50 eV), generated by the backscattered electrons have almost the same yields per unit area as a function of distance from the point of impac: for primary electrons of energy -3 keV. Furthermore, Broers 2 3 has suggested the scattering range of the secondary electrons is approximately 6 nm in PMMA, which is similar to the thickness of a 7 layer LB PMMA film (6 nm). It is possible therefore that the exposure effect of these secondary electrons will only be observed for films with less than or equal to 7 layers of PMMA.
In figures 6b we have shown the energy dissipated by the secondary electrons per unit volume, generated by the backscattering electrons, as a function of resist layers. In figure   6c and 6d we have plotted the distribution of the total energy dissipated in the top layer of a 7 and 9 layer resist, respectively. In the case of the 7 layer exposure, the shape of the total energy dissipated due to the effect of secondary electrons is broadened relative to that of the 9 layer case. We should expect a much lower image contrast in the case of 7 layer These results show that the resists of thickness less than 6 nm (7 layer) will be exposed by the secondary electrons. This strongly supports the resolution limit (12 nm) in electron beam lithography proposed by Broers 23 for thin substrates. Broers has suggested that the resolution is set by the range over which the primary electrons interact with the resist. This range is the distance over which the low energy secondary electrons are created and by the range of the secondaries in the resist.
SUMMARY
We have observed that a one monolayer PMIMA (0.85 nm) film can act as a positive electron beam resist for lithographic processing. A proximity effect has been reported for the exposure of PMMA resist films thinner than 7.7 nm (9 layers). This is contributed by the secondary electrons generated by the backscattered electrons at the resist-substrate
interface. This local effect can be minimized by using a substrate with lower atomic number or using higher energy beams. We also report a different type of defect generated by the weak spot in the L-B PMMA films. This defect decreases dramatically as the film thickness increases. Further studies on this intrinsic defect is suggested.
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